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Invasive cervical carcinomas frequently reveal addi-
tional copies of the long arm of chromosome 3. The
detection of this genetic aberration in diagnostic sam-
ples could therefore complement the morphological
interpretation. We have developed a triple-color DNA
probe set for the visualization of chromosomal copy
number changes directly in thin-layer cervical cytol-
ogy slides by fluorescence in situ hybridization. The
probe set consists of a BAC contig that contains se-
quences for the RNA component of the human telom-
erase gene (TERC) on chromosome band 3q26, and
repeat sequences specific for the centromeres of
chromosomes 3 and 7 as controls. In a blinded study,
we analyzed 57 thin-layer slides that had been rigor-
ously screened and classified as normal (z = 13),
atypical squamous cells (ASC, n = 5), low-grade squa-
mous intraepithelial lesions (LSIL, # = 14), and high-
grade squamous intraepithelial lesions (HSIL) grade 2
(CIN2, n = 8), and grade 3 (CIN3, n = 17). The per-
centage of tetraploid cells (Pr..,q < 0.0005) and cells
with multiple 3q signals increased with the severity of
the cytologic interpretation (Pr..,qa < 0.0005). While
only few normal samples, ASC and LSIL lesions, re-
vealed copy number increases of 3q, 63% of the HSIL
(CIN2) lesions and 76% of the HSIL (CIN3) lesions
showed extra copies of 3q. We conclude that the vi-
sualization of chromosome 3q copy numbers in rou-
tinely prepared cytological material using BAC clones

specific for TERC serves as an independent screening
test for HSIL and may help to determine the progres-
sive potential of individual lesions. (Am J Pathol
2003, 163:1405-1416)

Cytologic screening’ has greatly reduced incidence and
mortality of cervical cancer in industrialized nations.? In
developing countries, however, cervical cancer remains
a health problem of tremendous proportions. If detected
in a timely manner, cervical cancer precursors, espe-
cially high-grade squamous intraepithelial lesions
(HSILs) can be effectively treated, sparing patients the
morbidity and mortality resulting from invasive cancer.
Despite its success as a public health measure, a single
cytologic examination is relatively insensitive, poorly re-
producible and frequently yields equivocal results. Inad-
equate sampling, the scarcity of aberrant cells in some
samples and the subjectivity of morphological interpreta-
tion are recognized limitations of cytology.?* In addition,
equivocal and mild cytologic abnormalities are extremely
common in young women, but most of these lesions
regress spontaneously, even when caused by oncogenic
types of human papillomaviruses,*® which play a crucial
role in the pathogenesis of cervical cancer.®” This has
prompted efforts to discover other biomarkers and other
screening techniques with the potential to supplement
cytologic screening.®='®

The sequential acquisition of specific chromosomal
copy number changes and the maintenance of these
aneuploidies are commonly observed in solid tumors of
epithelial origin.'*'® Previous studies using tissue micro-
dissection followed by comparative genomic hybridiza-
tion have shown that acquisition of extra copies of chro-
mosome 3Q is a recurrent genetic alteration in cervical
carcinomas, which is less frequently recognized in pre-
malignant precursor lesions.'® " This region is of partic-
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Table 1a. Normal

. 88cs 2890 c.c 583
B T 32 = s B = % o s Hybridization patterns observed in non- E 5 E @ E 5 E @ s E E E 5 % o
2 § 8 § %1 §_ 22 §_ 3 ° ﬁd tetraploid (non 4-4-4) nuclei with more = g § = S _g § = 3 S S ] _g b5 8
2 5 § 5oq E%; g%g‘lt than 2 copies of 3q and the number of § 8%1 z 8%:{ E gg 823
o g © g ESIN SR 5 s I nuclei counted for each pattern. Patterns E o < = 2«2 5 ST 2 N3
B o] NS 2 = ’ . 5 < 2 - c e 59 o - c 2
=4 s are described in the following order: > S £ = c 3£ = z ® °c g Qe
CEP7-CEP3-3q 2= A E
2 485 484 nd nd 1 x 2-2-37 1 0.21 1 0.21
3 525 523 nd nd 2 X 2-2-37 2 0.38 2 0.38
7 540 531 4 0.74 4 % 2-2-3?, 1 X 2-2-47? 5 0.92 5 1.67
10 1575 1572 2 0.13 1 x 2-3-3? 1 0.06 1 0.19
101 541 523 3 0.55 8 X 2-2-3,4 X 2-2-4, 1 X 2-2-5, 15 2.77 14 3.33
1 X 3-3-3,1x 334
105 543 524 8 1.47 6 X 2-2-3, 1 X 2-3-3, 1 X 3-3-3, 11 2.03 10 3.50
1 X 3-4-4,1 X 2-2-3?, 1 X 2-2-47
106 1838 1828 4 0.22 2 X 2-2-3,1 X 2-2-4,1 X 2-3-3, 6 0.33 6 0.54
2 X 2-2-3?
107 209 208 0 0 1% 2-2-3 1 0.48 1 0.48
112 451 447 2 0.44 1 X% 2-2-3?, 1 X 2-3-37 2 0.44 2 0.89
119 2918 2894 2 0.07 12 X 2-2-3, 1 X 2-2-3?, 1 X 2-2-4, 22 0.75 22 0.82
2 X 2-2-47, 1 X 2-4-4, 5 X 2-3-3
A: 24271 454 452 0 0 1 X 2-2-3,1 X 3-4-4 2 0.44 2 0.44
B: 24338 578 577 0 0 1% 2-2-3 1 0.17 1 017
D: 24323 873 868 1 0.1 1 X 2-2-4,2 X 2-2-3?, 1 X 2-4-4 4 0.46 4 0.57
n=13.

Shown are the numbers of counted nuclei, the numbers of diploid nuclei (nuclei with two signals for each probe, pattern 2-2-2), the numbers of
tetraploid nuclei (nuclei with four signals for each probe, pattern 4-4-4), the percentage of tetraploid nuclei, the hybridization patterns observed in non-
tetraploid nuclei with more than two copies of 3g and the number of nuclei counted for each pattern, the number of nuclei with more than two copies
of 3qg in non-tetraploid nuclei, the percentage of cells with more than two copies of 3g and the relative 3q gain (as defined by higher copy numbers of
3g compared to the control probe CEP7), and the percentage of cells with more than two copies of 3q, including tetraploid cells, for every case,
sorted by the cytological diagnosis. Bold numbers denote cases with more than 1% of 3g-positive cells.

*? following a pattern (eg, 2-2-3?) means that the possibility that one of the signals was an artifact cannot be excluded.

Table 1b. ASC Lesions
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14 508 507 1 0.2 0 0 0 0 0.20
20 729 723 3 0.41 2 X 2-2-3, 1 X 2-2-3? 3 0.41 3 0.82
121 2436 2432 4 0.16 0 0 0 0 0.16
C: 24255 1054 1052 1 0.09 1 x 2-2-3? 1 0.09 1 0.19
E: 14174 503 502 0 0 1 X 2-2-3? 1 0.2 1 0.20
n=25.

ular significance because it contains the RNA component
of the human telomerase gene.'®'® We postulated that
the acquisition of additional copies of 3q may represent
an early event in malignant transformation, which could
provide a useful biomarker for screening if detectable
using an assay capable of identifying rare cells with this
genetic aberration. Accordingly, we developed a method
for detecting aneuploidies of 3q within individual cervical

cells of specimens collected in a routine manner for
cytological screening.

The objective visualization of chromosomal aneu-
ploidies, such as copy number increases of chromosome
3q in the intact nuclei of cytological preparations, can be
readily achieved using in situ hybridization with DNA
probes that are labeled with either fluorescent or chro-
mogenic dyes.?® Termed interphase cytogenetics, this

Figure 1. Triple-color probe set for the detection of the 3q gain in cervical dysplasia. The probe set, which was designed based on CGH results, targets the
centromeres of chromosome 7 (CEP7, labeled with SA), and chromosome 3 (CEP3, labeled with SG) and the 7ERC gene (labeled with SO). The bars next to the
ideogram show the CGH results of 40 cervical carcinomas.'®!7. The hybridization of the 3q probe panel to normal epithelial cells of the cervix uteri reveals two
signals for each probe in all of the nuclei. A tetraploid pattern (4 signals for CEP7, 4 signals for CEP3, 4 signals for TERC: 4-4-4 pattern) was frequently observed
in HSIL (CIN2) and HSIL (CIN3) lesions, here imaged in case 9 (HSIL, CIN 3). Case 6 (HSIL, CIN3) exhibited a variety of aberrant clones with the most frequent
one, the 2-2-3 pattern, depicted here. 2-2-3 was the most frequent 3q gain pattern observed in the lesions investigated in this study. The predominant aberrant
pattern observed in case 9 was 4-5-5, indicating that a tetraploidization of the genome preceded the acquisition of extra copies of 3q. Nuclei of case 17 (HSIL,
CIN3) showed high-level amplification of 3q (up to >20 copies) while the centromere probes were still diploid.
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Table 1c. LSIL
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1 X 3-3-4
103 3903 3895 5 0.13 1 X 2-2-83,1 X 2-3-3, 1 X 3-3-3 3 0.08 2 0.20
104 444 423 8 1.8 4 X 2-2-3, 3 X 2-2-3?, 4 X 2-3-3, 2 X 2-2-4 13 2.93 13 4.73
110 3439 3437 0 0 1 X333, 1 x2-2-3?7 2 0.06 1 0.06
111 1332 1320 2 0.15 6 X 2-2-3, 3 X 2-2-3?, 1 X 2-3-3 10 0.75 10 0.90
114 1784 1748 29 1.63 1 X 2-2-3, 1 X 2-2-3?, 1 X 3-3-3, 4 X 3-4-4 7 0.39 6 2.02
115 2069 2046 6 0.29 11 X 2-2-4,2 X 2-2-37, 2 X 3-4-4, 1 X 4-4-3, 1 X 4-4-8 17 0.82 16 1.11
118 2401 2395 2 0.08 2 X 2-2-37, 2 X 2-3-37 4 0.17 4 0.25
120 2762 2707 54 1.96 1 X 2-3-3? 1 0.06 1 1.99
123 1720 1715 1 0.06 3 X 2-2-37, 1 X 2-3-37 4 0.23 4 0.29
124 2310 2293 10 0.43 2 X 2-2-3,3 X 2-2-3?, 1 X 2-2-4, 1 X 5-4-8 7 0.3 7 0.74
125 3421 3414 1 0.03 4 X 2-2-37,1 X 2-2-4, 1 X 2-4-4 6 0.18 6 0.20
130 2917 2912 0 0 3 X 2-2-37, 1 X 2-2-4?, 1 X 2-4-4 5 0.17 5 017
J: 11378 654 643 7 1.07 1 X 2-2-3?, 1 X 4-2-4, 2 X 4-4-5 4 0.61 3 1.68
n=14.
Table 1d. HSIL (CIN 2)
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16 402 395 1 0.25 1 X 2-2-3,3 X 2-2-3?, 1 X 2-2-4, 1 X 2-4-4 6 1.49 6 1.74
19 447 412 34 7.61 1 X 3-4-4 1 0.22 1 7.83
2,8 903 841 25 2.77 12 X 2-2-3, 4 X 2-3-3, 2 X 2-2-4, 7 X 3-3-3, 37 41 30 6.87
3 X 3-4-4, 7 x 2-2-3 split
109 700 663 25 3.57 3 X 2-2-3, 1 X 2-2-3?, 1 X 2-2-9?, 1 X 2-4-4, 12 1.71 10 5.29
2 X 3-3-3,2 X 3-4-4,1 X 4-4-6, 1 X 4-5-5
116 1176 1129 35 2.98 3 X 2-2-3, 1 X 3-3-3, 1 X 3-3-4, 1 X 3-3-47, 12 1.02 11 4.00
3 X 3-4-4,2 X 3-5-5, 1 X 4-4-6
126 2699 2614 70 2.59 2 X 2-2-3,2 X 2-2-3?, 1 X 2-4-4, 2 X 3-4-4, 15 0.56 12 3.15
2 X 4-3-4,1 X 4-5-5, 1 X 5-5-5, 1 X 6-6-6, 2 X 8-7-8, 1 X 8-8-8
127 1667 1661 5 0.3 1 X 2-2-3? 1 0.06 1 0.36
129 1358 1266 66 4.86 1 X 2-2-3?7, 24 X 3-4-4, 1 X 5-6-77? 26 1.91 26 6.77
n=8.

approach has been applied to many different tumor
types, including cervical cancer, mainly using repetitive
probe sequences that detect the centromeres of human
chromosomes.?’2* We have now devised a multicolor
fluorescence in situ hybridization (FISH) assay using
three specific DNA probes. The design of the probe
panel was solely based on the pattern of genomic imbal-
ances in cervical cancers as detected by comparative
genomic hybridization (CGH)."®'” The probe panel in-
cludes pericentromeric repetitive sequence probes for
enumerating chromosomes 3 (CEP3) and 7 (CEP7) and a
set of four overlapping BAC clones that contain se-
quences for the TERC gene.?® This strategy allowed us to
specifically assess gains and amplification of 3q, and
discern these changes from those involving the entire
chromosome 3 and polyploidy.

We compared the independent assessment of gain of
3q to the rigorous cytological classification of thin-layer
slides prepared from the same specimens. Our goal was
to determine the feasibility of applying this assay to rou-
tinely collected cytological material and to gain insights
into the potential for future clinical applications.

Materials and Methods

Cytological Specimens

We obtained two to four anonymized thin-layer slides
from each of 68 residual PreservCyt (Cytyc) specimens
that had been used previously for clinical purposes. The
appropriate review boards exempted the study because
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Case no.
No. of nuclei
counted
No. of nuclei with a
diploid (2-2-2)
pattern
No. of nuclei
with a tetraploid
(4-4-4) pattern
% of nuclei with
a tetraploid
(4-4-4) pattern

Hybridization patterns observed in nuclei with
more than two copies of 3qg in non-tetraploid
(non 4-4-4) cells and the number of nuclei
counted for each pattern. Patterns are described
in the following order: CEP7-CEP3-3q

in non-tetraploid

No. of nuclei with more
than 2 copies of 3q
(non 4-4-4) cells
% of nuclei with more
than 2 copies of 3q
in non-tetraploid
(non 4-4-4) cells
No. of nuclei with
relative gain of 3q
(3g > CEP 7)

% of nuclei with more
than 2 copies of 3q
including tetraploid
(4-4-4) cells

6 1118 558 80 7.16

289 X 2-2-8, 81 X 3-4-4, 29 X 2-3-5, 27 X 3-5-5,

S
@
S
N
S
©
@

476

o
©
o
©

22 X 2-2-4, 3 X 2-4-5, 3 X 2-5-5, 2 X 3-6-6,
2 X 4-8-8, 2 X 2-3-3, 2 X 2-3-4, 1 X 2-4-4,
1 X% 333, 1% 354, 1x 359, 1x 3-4-6,
1 X 4-5-4,1 X 4-6-5, 1 X 4-7-7, 1 X 5-7-7

5 X 2-2-3, 2 X 2-2-3?, 3 X 2-3-3, 2 X 3-3-3, 20 5.76 18 7.78

4 X 2-3-4,2 X 3-3-4, 1 X 3-83-5, 1 X 4-5-6

32 X 4-5-5, 13 X 3-4-4, 7 X 4-6-6, 3 X 3-5-5, 72 13.16 66 19.38

2 X 5-5-5,2 X 6-4-4,2 X 7-7-8, 2 X 7-8-8,
1X2-2-3,1 X233, 1 X447, 1X 4-5-3,
1 X 4-5-4,1 X 4-5-6, 1 X 4-6-7, 1 X 5-5-5,
1 X 5-6-5, 1 X 6-5-5, 1 X 6-6-6, 1 X 7-11-11,

1% 8-11-11
11 694 668 8 1.15

1 X 354, 1 554
12 1030 962 nd. nd.

7 X 2-2-3,6 X 2-2-3?, 2 X 3-3-3, 1 X 3-4-4, 18 2.59 15 3.75

54 X 2-2-4, 8 X 2-2-3, 2 X 2-4-4, 1 X 2-1-3, 68 6.6 68 6.60

1 X 2-1-4,1 X 2-2-6, 1 X 3-4-7

17 X 4-2-4, 3 X 3-2-3, 1 X 2-2-3, 1 X 2-2-4, 25 5.35 3 5.35

1 X 824, 1% 4-2-3,1 X 4-3-3

15 517 450 62 11.99
17 308 196 0 0

2 X 2-2-37,1 X 2-3-37, 1 X 2-2-47, 1 X 4-4-57 5 0.97 5 12.96
16 X 2-2-11, 14 X 2-2-6, 12 X 2-2-9, 12 X 2-2-10, 112 36.36 112 36.36

9 X 2-2-13, 9 X 2-2-15, 8 X 2-2-8, 6 X 2-2-12,
6 X 2-2->20, 5 X 2-2-7, 3 X 2-1-9, 3 X 2-2-8,
2 X 2-2-5, 2 X 2-4-12, 2 X 2-5-15, 2 X 2-2-14,
1X2-1-4,1 X 2-2-12, 1 X 2-2-17, 1 X 2-2-18,

1 X 4-4-20

2,5 758 670 58 7.65

1 X 4-3-3, 1 X 5-4-3, 4 X 5-5-5, 11 X 5-4-4, 19 4.83 0 7.38
1 X 4-5-50r8, 1 X 6-6-67
7 X 2-2-3,2 X 2-2-3?, 1 X 2-3-3, 1 X 2-5-5, 30 3.96 25 11.61

5% 333, 1 X 355, 2 X 356, 1 X 3-7-7,
6 X 3-4-4, 1 X 4-4-6, 3 X 4-6-6

2,14 413 398 " 2.66
113 1323 1258 2 0.15

1 X 7-7-7,1 X 5-5-57, 1 X 4-5-4, 1 X 5-4-4 4 0.97 0 3.63
45 X 2-2-3, 1 X 2-3-3, 1 X 2-4-4, 1 X 3-4-3, 63 4.76 61 4.91

11 X 3-4-5, 1 X 4-4-6, 1 X 4-5-6, 1 X 5-5-6,

1 X 8-8-8
17 2130 2024 96 4.51

1 X 3-3-83, 1 X 3-3-4, 2 X 3-4-4, 1 X 3-5-5, 10 0.47 9 4.98

2 X 4-4-5,1 X 4-4-6, 1 X 4-4-6?, 1 X 4-5:5

128 1291 1248 33 2.56

3 X 2-2-4,1 X 2-4-4, 1 X 3-4-4, 1 X 4-2-4, 10 0.77 8 3.33

1 X 4-4-5,1 x 7-8-8, 1 x 8-8-8?, 1 x 10-10-10

F: 12781 404 330 2 0.5

8 X 2-2-3, 1 X 2-2-3?, 56 X 2-3-3, 1 X 2-2-4, 72 17.82 72 18.32

1 X 4-4-5,1 X 4-4-6, 2 X 4-5:6, 1 X 4-6-5,

1 X 8-10-12
H: 08045 674 551 3 0.45
1: 11322 690 651 9 1.3

117 X 2-2-3, 1 X 2-2-3?, 1 X 2-1-3, 1 X 4-5-5? 120 17.8 120 18.25
11 X 2-2-3, 2 X 2-3-3, 3 X 2-2-4, 1 X 3-3-5, 30 4.35 30 5.65

1 X 3-4-5,1 X 3-4-7, 6 X 4-4-5, 2 X 4-4-6,
1 X 4-5-5,1 X 4-5-6, 1 X 4-5-7

n=17.

we used anonymized specimens that were no longer
needed clinically. One thin-layer slide from each woman
was stained by a modified Papanicolaou method at The
Johns Hopkins University Cytopathology laboratory. An
experienced cytotechnologist (F. H. B.) initially screened
the slides, dotted possible abnormal cells and classified
the specimens according to the 2001 Bethesda Sys-
tem.?® Then, a cytopathologist (M. E. S.) reviewed the
dotted slides independently and classified the samples in
an identical manner. For the purposes of this review,
specimens interpreted as HSIL were further subclassified
as cervical intraepithelial neoplasia grade 2, HSIL (CIN2),

or cervical intraepithelial neoplasia grade 3, HSIL (CIN3).
In addition, the number of abnormal-appearing cells per
slide was roughly estimated as <10, >10 to <50, >50to0
100, and >100. Discrepancies in cell counts or classifi-
cation were resolved and consensus reached on all
specimens by a joint review conducted using a multi-
headed microscope. For the joint review, abnormal cell
counts were dichotomized into <50 and >50. Before joint
review, in the 57 cases evaluable by FISH, inter-observer
concordance on the classification was observed in 11 of
13 (85%) of the normal cases, 0 of 5 (0%) of the ASC
cases, 11 of 14 (79%) of LSIL, 4 of 8 (560%) HSIL (CIN2),
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Table 2. Relationship Between Cytologic Interpretations and FISH Results

# Nuclei # Counted nuclei % Counted # Diploid cells
Cytology n  Median Range Median Range Median Range Median Range

Normal 13 792 592-2991 543 209-2918 76.1% 31.6-97.6% 524 208-2894
ASC 5 1106 668-2565 729 503-2436 75.3% 48.0-95.0% 723 502-2432
LSIL 14 23215 673-4324 2189.5 444-3903 93.3% 65.4-100% 2169.5 423-3895
HSIL (CIN2) 8 1146 599-2936 1040 402-2699 90.4% 56.8-93.1% 985 395-2614
HSIL (CIN3) 17 718 416-2334 674 308-2130 74.0% 20.0-94.4% 551 197-2024

Pt 0.008 0.002 0.01 0.001

Prrengt 0.9 0.6 0.3 0.3
Normal 13 792 592-2991 543 209-2918 76.2% 31.6-97.6% 524 208-2894
ASC or LSIL 19 2020 668-4324 1827 444-3903 91.9% 48.0-100% 1812 423-3895
HSIL (CIN2 or CIN3) 25 1008 416-2936 694 308-2699 75.2% 20.0-94.4% 651 197-2614

Pt 0.004 0.003 0.04 0.001

Prrondt 0.8 0.6 0.4 0.4

TNonparametric analysis of variance (Kruskal-Wallis test); ¥Nonparametric test of trend.

The relationships of the number of nuclei per slide, number of counted nuclei, the percentage of counted nuclei, number of diploid cells (cells with
two signals for each probe = pattern 2-2-2), number of tetraploid cells (cells with four signals for each probe = pattern 4-4-4), the percentage of
tetraploid cells, number of cells with more than two 3q signals, the percentage of cells with more than two 3q signals and cells with a relative 3q gain
(as defined by higher copy numbers of the probe for 3q compared to CEP7) with the severity of the cytologic interpretation.

and 15 of 17 (88%) of HSIL (CIN3). Abnormal cell counts
<50 were found in five ASC, five LSIL, seven HSIL
(CIN2), and five HSIL (CIN3) cases. The remaining thin-
layer slides were used for FISH.

Cervical Cancer-Specific FISH Probe Panel

A probe panel to evaluate the gain of 3q was designed
based on our previously published CGH results.’®” The
panel consists of three probes: centromere 7 (CEP7)
labeled with the fluorescent dye Spectrum Aqua (SA),
centromere 3 (CEP3) with Spectrum Green (SG) and a
contig consisting of four overlapping BAC clones for
detection of the long arm of chromosome 3, labeled with
Spectrum Orange (SO). These clones contain the se-
quence for the RNA component of the human telomerase
(TERC) gene. All probes were provided by Vysis, Inc./
Abbott Laboratories (Downers Grove, IL). Probe labeling
was performed chemically as described previously.?”
Slides were pretreated with RNase, followed by pepsin
digestion, and fixation in an ethanol series. Slides were
denatured in 70% formamide, 2X SSC for 3.5 minutes at
80°C. After overnight hybridization at 37°C, the cover-
slips were removed gently, slides washed four times in
50% formamide/2X SSC at 45°C (once for 3 minutes and
three times for 7 minutes), followed by washes in 2X SSC
(45°C, 5 minutes) and 0.1% NP40 in 2X SSC (45°C, 5
minutes). The slides were counterstained with DAPI and
embedded in an antifade solution. Images were acquired
using a Leica DMRXA microscope (Leica, Wetzlar, Ger-
many) equipped with custom optical filters for DAPI, SA,
SG, and SO (Chroma Technologies, Brattleboro, VT) with
a x40 Plan Apo (NA 1.25) objective. The microscope was
connected to an ORCA ER (IEEE1394 |/F) digital camera
(Hamamatsu, Bridgewater, NJ).

Signal Enumeration

The signals were evaluated by screening the entire slide
visually for the 3qg probe (using the optical filter specific

for SO). Cells with normal signal numbers for 3q were
recorded as “diploid” and cells that could not be evalu-
ated (because of insufficient hybridization or cell clumps)
were recorded as “uncountable” using a manual counter
and excluded from further analysis. Abnormal signal
numbers for 3q were registered in relocation charts in
form of patterns for the whole probe panel (eg, 2-3-3,
referring to two signals for CEP7, three signals for CEP3
and three signals for the 3qg probe). Multifocus images
were then acquired for all probes of the probe panel
using five to seven focal planes with Leica Q-FISH soft-
ware. Cells with four signals for each probe (pattern
4-4-4) were considered tetraploid. Based on cell density,
between 209 (case 107, normal) and 3903 (case 2, LSIL)
nuclei were enumerated (Table 2). The chromosomal
instability index was calculated by dividing the number of
observed hybridization patterns by the number of cases
for each diagnostic group.

Statistical Analysis

Non-parametric tests of association (Kruskal-Wallis test)
and trends were used to examine the relationships be-
tween consensus cytologic interpretations and FISH re-
sults. Parameters examined included number of nuclei
per slide, number of counted nuclei, the percentage of
counted nuclei, number of diploid cells, number of tet-
raploid cells, the percentage of tetraploid cells, number
of cells with more than two 3q signals, the percentage of
cells with more than two 3q signals, and the relative 3q
gain (as defined by higher copy numbers of the probe for
3q compared to CEP7). For some analyses, we com-
bined cytologic interpretations into more clinically rele-
vant groupings of normal, ASC/LSIL, and HSIL (CIN2/3),
reflecting the current clinical practice in the United States
of treating confirmed HSILs (CIN2 and more severe ab-
normalities). We also evaluated HSIL (CIN2) and HSIL
(CING) separately, based on data indicating that a large
percentage of HSIL (CIN2) lesions regress spontane-
ously, whereas evidence for regression of HSIL (CIN3) is
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# Tetraploid cells % Tetraploid

# with Multiple 3q

% with Multiple 3q Relative 3q gain

Median Range Median Range Median Range Median Range Median Range
2 0-8 0.1% 0.0-1.5% 2 1-22 0.4 0.1-2.8 2 1-22
1 0-4 0.1% 0.0-0.4% 1 0-3 0.1 0.0-0.41 1 0-3
55 0-54 0.2% 0.0-7.6% 55 1-17 0.3 0.1-2.9 6 0-16
30 1-70 2.9% 0.2-7.6% 12 1-37 1.3 0.1-41 Ihl 1-30
10 0-96 2.5% 0.0-12.0% 30 2-480 4.8 0.3-42.9 25 0-476
0.001 0.002 0.0001 0.0001 0.001
<0.005 <0.005 <0.005 <0.005 <0.005
2 0-8 0.1% 0.0-1.5% 2 1-22 0.4 0.1-2.8 2 1-22
3 0-54 0.2% 0.0-7.6% 4 0-17 0.2 0.0-2.9 4 0-16
25 0-96 2.6% 0.0-12.0% 20 1-480 4.0 0.1-42.9 15 0-476
0.0004 0.0001 0.0001 0.0001 0.002
<0.005 <0.005 <0.005 <0.005 <0.005

sparse. We also considered combinations of 3q param-
eters, percentage of cells with multiple copies of 3q and
maximum number of 3g signal numbers observed for
optimization of clinical performance. In addition, we com-
pared different permutations of 3q assessment to cytol-
ogy at varying thresholds including percentage of infor-
mative nuclei with 3q gain (=1% and =5%) and/or
identification of any nuclei with a high number of extra 3q
copies (=5 and =6).

Receiver Operator Characteristic (ROC) and Distance
From Ideal (DFl) analyses: ROC curves were used to
further establish optimal thresholds and identify FISH
parameters that best distinguish HSIL from LSIL and
lesser conditions (normal and ASC). ROC curves were
generated by plotting the sensitivity for detecting either
HSIL (CIN2 and CINS) versus 1 minus the specificity for

Table 3. Comparison of Cytologic Severity with 7ERC Gain

detecting normal, ASC, or LSIL, obtained at percent cell
thresholds ranging from 0% to 10% (0.05% increments).
Curves were generated based on the percentage of tet-
raploid cells, the percentage of cells with 3g gain (ex-
cluding tetraploidy), and the percentage of cells with
either tetraploidy or 3qg gain (ie, all gains of 3q). Curves
which come closest to the ideal values of 100% sensitivity
and 100% specificity (top left corner of ROC graph, Fig-
ure 2A) provide the best combination of sensitivity and
specificity (assuming equal importance of each) and op-
timal thresholds are typically selected from points near
the “breaks” in the curves (region closest to top left
corner; curve slope near 45°). A better view of the de-
pendence of sensitivity and specificity on threshold can
be obtained by plotting the DFI versus threshold (Figure
2B). DFI is defined here as the distance from the ideal

% Multiple 3q

(including
% Multiple 3q (excluding tetraploidy) tetraploidy)
% Cell threshold for 3q gain =5% =1% =5% =1% =5% =1% =5% =2.5%
Max # of 3q signals in =1 cell =6 =5 =6 =6 =5 =5
Neg Pos Neg Pos Neg Pos Neg Pos Neg Pos Neg Pos Neg Pos Neg Pos Neg Pos
Normal 13 0 12 1 " 2 13 0 11 2 13 0 11 2 12 1 i 2
100.0 0.0 923 77 846 154 100.0 0.0 846 154 100.0 0.0 846 154 923 7.7 846 154
ASC 5 0 5 0 5 0 5 0 5 0 5 0 5 0 5 0 5 0
100.0 0.0 100.0 0.0 100.0 0.0 100.0 0.0 100.0 0.0 100.0 0.0 100.0 0.0 100.0 0.0 100.0 0.0
LSIL 12 2 11 3 13 1 14 0 11 3 12 2 10 4 1" 3 13 1
857 143 786 214 929 7.1 100.0 0.0 786 214 857 143 714 286 786 214 929 7.1
HSIL (CIN2) 4 4 4 4 3 5 8 0 2 6 4 4 2 6 4 4 2 6
50.0 50.0 500 500 375 625 100.0 0.0 250 750 500 500 250 750 500 500 250 75.0
HSIL (CIN3) 4 13 2 15 4 13 9 8 1 16 2 15 0 17 1 16 0 17
235 765 118 882 235 765 529 471 59 941 118 882 00 100.0 5.9 941 0.0 100.0
Normal or ASC or LSIL 30 2 28 4 29 3 32 0 27 5 30 2 26 6 28 4 29 3
938 6.3 875 125 906 9.4 100.0 0.0 844 156 938 63 81.3 188 875 125 906 9.4
ASC or LSIL 17 2 16 3 18 1 19 0 16 3 17 2 15 4 16 3 18 1
895 105 842 158 947 53 100.0 0.0 842 158 895 105 79.0 211 842 158 947 53
HSIL (CIN2 or CIN3) 8 17 6 19 7 18 17 8 3 22 6 19 2 23 5 20 2 23
320 680 240 760 280 720 680 320 120 880 240 76.0 80 920 200 800 80 92.0

A comparison of cytologic severity with 3q gains stratified by percentage of cells (=1% or =5%) and/or identification of cells with high copy
number (=5 copies or =6 copies) and cells with 3g gains and/or tetraploidy (threshold of =2.5%) to discriminate cases of normal and mild cytologic

abnormalities from those with severe cytologic abnormalities (HSIL).
Neg, negative; Pos, positive.
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Figure 2. A: Plots of sensitivity versus 1-specificity at percent cell thresholds
ranging from 0% to 10% at 0.05% intervals (ROCs) for 3q gain excluding
tetraploidy (white triangles), tetraploidy (blue squares), and 3q gain
including tetraploidy (red circles). B: DIF versus percent thresholds for 3q
gain excluding tetraploidy (white triangles), tetraploidy (blue squares),
and 3q gain including tetraploidy (red circles).

point (0, 1) on the ROC plot (100% sensitivity, 100%
specificity), and is calculated as [(1-sensitivity)® + (1-
specificity)?]"2. DFI is smallest for the best combined
sensitivity and specificity (giving equal weight to each)
and varies from 0O for thresholds providing 100% sensi-
tivity and 100% specificity, to 1.414 for thresholds pro-
viding 0% sensitivity and 0% specificity.

Results
Design of Multicolor FISH Probe Set

The pattern of chromosomal imbalances in cervical car-
cinomas is conserved. Numerous studies using compar-
ative genomic hybridization as a screening test for chro-
mosomal copy number changes showed that the gain of
chromosome arm 3q is present in at least 80% of cervical
cancers.'®1728-34 Baged on this pattern of genomic im-
balances we have developed a triple-color probe set that
allowed us to visualize this genetic marker of early inva-
sive disease directly in cytologic samples. The probe set
consists of two repetitive DNA probes that recognize the
centromeres of chromosomes 3 (CEP3) and 7 (CEP7).
The probe for chromosome arm 3g comprises a set of
overlapping BAC clones that contain sequences for the
RNA component of TERC. This gene maps to chromo-
some band 3926, which is consistently involved in the
minimally overlapping region of genomic copy number

increases in cervical carcinomas.'®'” The probe set is
depicted in Figure 1A, along with a display of the CGH
results of 40 cervical carcinomas. CEP3 is included in the
probe set to evaluate the relative copy number increases
of TERC compared to the number of chromosome 3
centromeres. This is especially important in cases involv-
ing an isochromosome 3 where the 3g arm is present in
three copies while the centromere is present in two cop-
ies. CEP7 serves as a control for the overall ploidy of the
cells, because chromosome 7 is rarely subject to copy
number variations in cervical carcinomas, '6:17:28-80.32.34
We first evaluated the performance of the probe panel on
methanol/acetic acid-fixed peripheral lymphocyte cul-
tures from karyotypically normal individuals. The results
revealed that less than 1% of the cells display aberrant
copy numbers with this fluorescent probe panel (data not
shown).

Summary of FISH Results by Cytologic
Category

The probe panel was hybridized to 68 cases of thin-layer
slides, 57 of which could be successfully evaluated. 11
cases were excluded because there were either too few
cells on the slides [n = 7; 1 normal, 2 LSIL, and 4 HSIL
(CIN3)] or the hybridization was unsuccessful [n = 4; 1
LSIL and 3 HSIL (CIN3)]. The 57 thin-layer preparations
were classified in an independently performed cytologic
screening as follows: normal (n = 13); ASC (n = 5); LSIL
(n = 14); HSIL (CIN2) (n = 8); HSIL (CIN3) (n = 17).
Examples of the hybridizations are presented in Figure 1,
BtoF.

Table 1,a to e summarizes the results of the enumer-
ations. Between 209 and 3903 nuclei were counted per
case. 15.4% (2 of 13) of normal, 0.0% (0 of 5) of ASC,
7.1% (1 of 15) of LSIL, 62.5% (5 of 8) of HSIL (CIN2), and
76.4% (13 of 17) of HSIL (CIN3) lesions were positive for
extra copies of chromosome 3q (using 1% 3Qg-positive
cells as the threshold based on the results of the hybrid-
ization to the normal peripheral blood lymphocytes). On
average, 0.6% (normal), 0.1% (ASC), 0.3% (LSIL), 1.2%
(HSIL, CIN2), and 8.8% (HSIL, CIN3) of all cells on the
pap smears showed additional 3g copy numbers in the
respective diagnostic groups. We also computed a chro-
mosomal instability index for each of the different cyto-
logical groups by dividing the number of observed hy-
bridization patterns by the number of cases for each
group. These indices increased similarly to the number of
3g-positive cells: 4.0 (normal), 2.6 (ASC), 4.6 (LSIL), 6.5
(HSIL, CIN2), and 11.2 (HSIL, CINS3). This suggests that
the gain of 3q can emerge in genetically stable cells, and
that chromosomal instability occurs mainly in higher-
grade dysplastic lesions.

The inclusion of probes for the centromeres of chro-
mosomes 3 and 7 also allowed us to score the percent-
age of cells that had become tetraploid (defined here as
four copies for all signals). In thin-layer specimens diag-
nosed as normal, only one case showed more than 1%
tetraploid cells, none of the ASC cases revealed tet-
raploid cells, while the percentage increased from 29% in



case of LSIL, to 75% (HSIL, CIN2), and 73% (HSIL,
CINS). In some instances tetraploidy was observed in
cases in which copy number increases for 3q were ab-
sent. In particular the hybridization patterns observed for
the HSIL (CIN3) cases suggest that 3q amplification can
occur either in diploid cells or after genome tetraploidiza-
tion. For instance, most clones in cases 9 and 18 (HSIL,
CIN3) showed copy numbers of four or more for both
centromere probes and numbers greater than four for the
3q probe. In contrast, in cases 12 and 17 (HSIL, CIN3),
the copy number of centromeres for chromosomes 3 and
7 is two, and various copy number increases for the 3q
probe were observed (Table 1).

We hypothesized that the acquisition of extra copies of
chromosome 3q, and hence the TERC gene, would ren-
der a growth advantage to cervical epithelial cells. One
might therefore expect to see some aberrant cells clus-
tering despite the physical disaggregation during the
cytological sampling. In many instances cells with aber-
rant copy numbers for chromosome arm 3q were indeed
located next to each other in the thin-layer specimens,
and this clustering increased with advanced dysplasia
(Figure 1, C to F). We suggest that this feature reflects a
clonal expansion event, in which cells that carry extra
copies of 3q have acquired a distinct growth advantage.

Performance of Different Classification
Algorithms Based on Number and/or
Percentage of Cells Showing 3g Gain

There were significant differences in the number of cells
per slide (P < 0.008), number of cells counted (P <
0.002), percentages of cells counted (P < 0.01), and
number of diploid cells (normal, ASC, LSIL and HSIL) but
these differences were not related to the degree of cyto-
logic severity (Pr.eng = 0.3 for all three parameters, Table
1 and 2). The number of tetraploid cells, percentage of
tetraploid cells, number of cells with more than two 3q
signals, percentage of cells with more than two 3q sig-
nals, and relative 3q gain increased significantly with the
severity of cytologic interpretation (Preng < 0.005).
These trends did not diminish when cytologic interpreta-
tions were categorized as normal, ASC/LSIL, and HSIL
(Table 1 and 2).

Cytologic severity was compared with 3q gains strati-
fied by percentage of cells and/or identification of cells
with high copy numbers of 3qg to discriminate cases of
normal and mild cytologic abnormalities from those with
severe cytologic abnormalities (Table 3). Using a thresh-
old of 25% of cells with multiple 3q signals and/or at least
one observed cell with six or more 3q signals, 0.0%
normals, 0.0% ASC, 14.3% LSIL, 50% HSIL (CIN2), and
88.2% HSIL (CIN3) were positive. Changing the threshold
to =1% of cells with multiple 39 signals and/or at least
one observed cell with five or more 3q signals, 15.4%
normals, 0.0% ASC, 28.6% LSIL, 75% HSIL (CIN2), and
100.0% HSIL (CIN3) were positive. Finally, using a
threshold of =5% of cells with multiple 3qg signals and/or
at least one observed cell with five or more 3q signals,
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7.7% normals, 0.0% ASC, 21.4% LSIL, 50% HSIL (CIN2),
and 94.1% HSIL (CIN3) were positive (Table 3).
Classification algorithms were further developed using
ROC curves, which plot sensitivity versus 1- specificity
over a range of threshold values. Figure 2A shows ROC
curves for discriminating HSIL (CIN2 and CIN3) from
LSIL, ASC, and normal cases. Curves are plotted for
discrimination based on the percentage of tetraploid
cells, the percentage of cells with 3g gain excluding
tetraploid cells, and the percentage of cells with 3q gain
including tetraploidy. Based on the curve lying closest to
the top left corner of the graph, 3g gain including tet-
raploidy provides the best method for distinguishing
HSIL. Figure 2B shows DFI curves, which reveal the
threshold values used to calculate the points plotted in
the ROC curves. DFI, the distance from the top left corner
of the ROC graph to any plotted point, combines sensi-
tivity and specificity into a single value, equaling O for
100% sensitivity and 100% specificity, and increasing as
either sensitivity or specificity decrease from 100%. As
expected from the ROC curves, 3qg gain including tet-
raploidy shows the lowest DFI. The broad minimum of this
curve also indicates the most robust behavior (least sen-
sitivity to variation of the threshold value), with optimal
discrimination obtained at thresholds between 2.05%
and 3.10% cells. Over this range of thresholds, the sen-
sitivity for detecting HSIL (CIN2 and CIN3) was 92% and
the specificity relative to lower conditions (normal, ASC
and LSIL) was 91%. For comparison to the other classi-
fication algorithms, the last column in Table 3 lists the
number of negative and positive specimens, for each
cytologic class, based on the percentage of cells with 3q
gain, including tetraploidy, and a threshold value of 2.5%.

Discussion

Based on extensive screening of cervical carcinomas
using molecular cytogenetic techniques, namely com-
parative genomic hybridization, it has been firmly estab-
lished that tumorigenesis in the epithelial cells of the
uterine cervix requires specific genomic alterations,
which commonly include the acquisition of additional
copies of the long arm of chromosome 3.7617:28734 The
observation that genetic aberrations, such as chromo-
somal aneuploidies are essential for tumorigenesis, ap-
plies to other human carcinomas as well.'* ' It is there-
fore very likely that the commitment of cells to malignant
transformation is associated, if not caused, by the acqui-
sition of these carcinoma specific chromosomal imbal-
ances. Such imbalances do not occur in normal epithelial
cells. We have previously demonstrated that the transla-
tional application of visualizing genomic imbalances
identified by CGH via interphase FISH allows the diag-
nosis of breast carcinomas in fine needle aspirates with
high sensitivity and specificity.®®* We have now devel-
oped a three-color fluorescent probe set for the visual-
ization of specific chromosomal aneuploidies and
genomic amplification of TERC directly in thin-layer cyto-
logical specimens. This study demonstrated that it is
possible to simultaneously assay routinely collected lig-
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uid-based cytology samples for 3g amplification and for
copy numbers of chromosome 3 and 7, using a specifi-
cally designed probe cocktail. Based on intensive
screening of thin-layer slides, we identified extra copies
of 3g (= 1% of cells) in 2 of 13 (15%) women with normal
cytology as opposed to 13 of 17 (76%) women with HSIL
(CIN3), suggesting that increased 3q copy numbers are
associated with the severity of cytologic findings. Further-
more, among cases containing cells showing 3q amplifi-
cation, the percentage of cells carrying extra copies of 3q
was higher in cases classified as HSIL (CIN3) as com-
pared to cases with milder cytologic interpretations. A
post hoc analysis of our data indicated that the perfor-
mance of the FISH assay varied with the criteria used for
detecting a positive result. For example, classification of
slides showing =5% of cells with 3g amplification and at
least one cell with 6 copies of 3g detected 88% of HSIL
(CIN3), whereas none of the cases classified as normal or
ASC were positive. Applying ROC we established that
discernment of normal and ASC/LSIL from HSIL lesions
can be achieved with the highest combined sensitivity
and specificity when tetraploid cell counts were com-
bined with cells with 3g gains at threshold values of
2.05% to 3.1%. Other criteria for scoring the 3q ampilifi-
cation assay as positive increased sensitivity at the cost
of reduced specificity, whereas stringent thresholds were
associated with the reverse. A priori testing using the
FISH assay at one or more designated thresholds will be
needed to assess its clinical performance.

It was intriguing to see that the percentages of cells
that showed hybridization patterns that were consistent
with a tetraploidization of the genome increased as well
with severity of dysplasia (even though we did not mea-
sure the DNA content quantitatively, but deduced tet-
raploidization based on a 4-4-4 hybridization pattern).
This genomic doubling was consistent with the impair-
ment of TP53 and RB7-function mediated through the E6
and E7 proteins of human papillomavirus (HPV).®® Un-
coupling of DNA synthesis and cell division would in-
crease the population of tetraploid cells. It is probable
that these cells had an increased propensity for chromo-
some segregation errors and hence, developed genomic
imbalances. Selection for those cells containing the com-
plement of chromosomes necessary for dysregulated
cervical epithelial cell growth resulted in the gain of 3q,
which we frequently observed. However, such genomic
evolution via tetraploidization is certainly not present in all
cases and is therefore not mandatory, as we detected
HSIL lesions that contain almost exclusively diploid cells
with a relative increase of 3q. This suggests that detec-
tion of 3g gain could be more sensitive than measure-
ment of the nuclear DNA content alone.®3738 The inter-
pretation of the hybridization patterns provides evidence
that chromosomal instability, measured in this study as
the variability of hybridization patterns among cells in a
given case, increases with the grade of dysplasia as well.
This suggests that early chromosomal aneuploidies can
develop in an otherwise genomically stable nucleus, and
that the acquisition of specific chromosomal imbalances
(in cervical carcinomas the gain of 3q) coincides with the
HPV-mediated compromise of TP53 and RB1 function to

promote tumorigenesis and eventually the acquisition of
crude nuclear aneuploidy that is present in most invasive
cervical carcinomas.'”

Although cytologic screening has had an enormous
beneficial impact in developed nations, cytology has sig-
nificant limitations, notably limited single-test sensitivity,
poor reproducibility, and relatively frequent equivocal re-
sults.>® Recently, testing for oncogenic types of HPV
DNA has been endorsed as a technique for identifying
women with equivocal cytology who require immediate
follow-up and the potential effectiveness of primary
screening using HPV testing has received increased at-
tention. The strength of sensitive HPV testing is that it
provides extremely high negative predictive value;
women who test negative are at low risk for cervical
cancer. However, the positive predictive value of HPV
testing is limited, especially among young sexually active
women, among whom transient innocuous infections are
very common.*® Accordingly, the development of assays
with high-specificity for detecting cancer precursors as
well as excellent sensitivity would represent attractive
alternatives as primary screening tests or as tests to
complement cytology, HPV typing, or other assays. In our
study, only one of 14 LSILs revealed a 3q gain, whereas
recent studies have found that ~80% of LSILs test pos-
itive for oncogenic HPV types.*® The value of FISH as-
says in identifying women with LSIL who harbor undetec-
ted HSIL or are destined to progress has therefore great
potential; however, future studies are needed because
our analysis was based on relatively low case numbers.

The fact that only few cells in the premalignant lesions
contained additional copies of 3q also clearly shows that
a cell-based evaluation technique such as interphase
FISH has great advantages over techniques that would
require DNA extraction from all cells of the sample, eg,
polymerase chain reaction or microarray-based analy-
ses. Even in HSIL (CIN3) lesions, only a few cases re-
vealed additional copy numbers for 3q in more than 10%
of the cells. Accordingly, DNA extraction from the mixture
of cells from the entire specimen would result in unavoid-
able and significant dilution of the results by the more
than 90% of normal cells in a routine diagnostic sample.

Our results support the use of gene-specific probes for
diagnostic interphase cytogenetics. The use of centro-
mere-specific probes alone would have resulted in the
enumeration of normal diploid copy numbers, or in some
instances tetraploid cells, in cases that actually carried
extra copies of 3q and the TERC gene. These genetic
alterations would have therefore remained undetected.®®
The relevance of this conclusion is corroborated by our
results that clearly show that initial copy number in-
creases of the long arm of chromosome 3q can occur in
diploid, chromosomally stable cells.

It is at present not proven that the TERC gene is the
only or most important target for the frequent gain of
chromosome arm 3q in cervical carcinomas. However,
the fact that such a high percentage of dysplastic lesions
carry extra copies of this gene increases the probability
of a causative involvement; the use of another candidate
gene on chromosome 3q, PIK3CA, showed copy number
increases in only 43% of carcinomas.?® Immortalization



via increased telomerase activity is a plausible mecha-
nism, since telomerase genes are transcriptionally acti-
vated by the E6 protein of HPV in genital keratinocytes.*°
Genomic amplification of TERC might further enhance
this pathway.

Unfortunately, in this proof-of-principle study, patient
follow-up was not available to us, nor was the HPV status.
It would have been of great interest to explore the fate of
the two women whose Pap smears were cytologically
diagnosed as normal, yet in whose samples 3g-positive
cells were detected at a level of 2.08% and 2.77%. One
could speculate that such cases represent examples of
false-negative cytologic interpretations in cervical cytol-
ogy. This could be due to the fact that the few cells that
carried carcinoma-specific chromosomal aneuploidies
were overlooked in the morphological evaluation; alter-
natively, one could speculate that despite the presence
of extra copies of 3q morphological changes had not yet
been manifested, such that no other diagnosis would be
possible, but that these women might be at future risk of
developing precancerous or cancerous lesions.

In summary, we have developed a genetic test for the
diagnosis of dysplastic lesions directly in routinely col-
lected thin-layer specimens. The test is based on the
visualization of extra copies of chromosome 3q, which is
achieved using interphase FISH with a triple-color probe
panel that includes TERC. Our results clearly suggest
that, independent from any other marker, the visualization
of aneuploidy of chromosome 3q and amplification of
TERC can detect dysplastic cells. These results, and the
availability of computer-assisted or automated image ac-
quisition and analysis hardware and software now pro-
vide both the rationale as well as the tools to explore the
diagnostic and predictive power of this genetic marker in
individual cases.
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